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Abstract

This paper introduces a novel procedure for the seismic design of a new class of seismic-resisting
systems for mid-rise buildings obtained by incorporating special yielding steel braces known as
Crescent Shaped Braces (CSBs) into not-moment-resisting frames. The proposed design procedure
is grounded on the Performance-Based Seismic Design (PBSD) framework through the imposition
of multiple seismic performance objectives with the aim of obtaining an almost uniform along-the-
height seismic behavior. The desired uniform seismic behavior is ensured by imposing: (i) uniform
inter-storey drifts under frequent earthquakes; (ii) widespread yielding of the braces along the
building height under occasional earthquakes; (iii) minimum ductility capacity at all storeys to be
exploited under rare earthquakes; (iv) minimum hardening stiffness for the mitigation of the second
order (P-A) effects under very rare earthquakes. The desired performances are made possible by the
specific features of the CSBs in terms of initial lateral stiffness, yielding strength, ductility capacity
and final hardening response. The procedure is articulated in four conceptual phases and several steps
to guide the professional engineer through all the main design phases, from the selection of the
seismic performance objectives to the preliminary sizing of the CSB devices, up to the final
design/verification through non-linear time history analyses. The effectiveness of the proposed design
procedure is finally demonstrated through an applicative example.

Key words
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1. Introduction

The conceptual framework of Performance Based Seismic Design (PBSD) first proposed by SEAOC
[1] aims at evaluating the seismic response of a building towards predictable and controlled seismic
performance parameters under established multiple earthquake intensity levels [2]. The PBSD
principles foster the transition from a “passive” to an “active” structural design encompassing the
following main phases (i) selection and identification of the desired performance objectives, (ii)
conceptual design (e.g. identification of the most suitable structural solution) and first sizing of the
structural elements (iii) final design with all necessary calculations, verifications and detailing to
fulfill the code prescriptions.

In the last decades, different strategies and solutions have been proposed to fulfill PBSD principles
through enhanced seismic performances with respect to those offered by conventional Moment-
Resisting Frames (MRFs) and Concentrically-Braced Frames (CBFs), including base isolation [3],
passive and active dissipative systems [4], coupled/dual systems [5], rocking walls [6], strongback
systems [7-9], enhanced bracing systems [10-12]. Among different yielding braces, Buckling-
Restrained Braces (BRBs) provide a symmetric response in tension and compression, through the
improved performances against buckling, and have also been recently proposed as retrofitting
solutions [13,14]. More recently, a post-tensioned self-centering yielding brace has been investigated
by Nobahar et al. [15]. Other examples include pipe-based dampers [16], J-dampers [17,18], X-plate
dampers [19] and steel shear panel-based dampers [20,21]. Alternative shapes for metal dampers have
also been investigated over the past years. Hsu et al. studied the performances of steel-curved dampers
used as bracing systems [22,23]. Jia et al. developed a novel fish-bone shaped buckling-restrained
brace with improved performances [24]. Alternative solutions also see the application of hysteretic
dampers in beam-column steel connections (see e.g. [25]). More recently, Guo et al. [26] proposed a
new S-shaped mild steel damper. Xu and Ou studied a combined rotational friction and flexural
yielding metallic damper (FD-MD) capable of providing an alternative for precast structures in high
seismic regions [27]. In most cases, seismic design is developed only with reference to a single
performance objective (PO) (e.g. a single performance point within the so-called Capacity Spectrum
method [28]), and then final verifications are carried out with reference to the other POs established
by the PBSD.

In this respect, a novel curved yielding brace, called Crescent Shaped Brace (CSB), has been proposed
and investigated by the authors since 2009 [29-32] for a seismic design developed to meet multiple

POs. Indeed, the curved shape of the CSB allows to customize the force-displacement hysteretic curve

2



O 00 N OO U A W N B

[
= O

12
13
14
15
16
17
18
19
20
21
22

23

24

25
26
27
28
29
30

with the possibility of covering various ranges of stiffness, strength, ductility and dissipative
capacities, and thus to meet multiple performance points. In previous studies the mechanical behavior
of the single CSB device has been first investigated through analytical methods to assess the elastic
behavior up to the first yielding point. Then, the full non-linear inelastic behavior (both in tension
and compression) has been evaluated through numerical and experimental studies up to failure
[30,33]. In addition, some design procedures have been proposed for two specific applications: (i)
insertion of CSBs at the first-storey only [30] to exploit the concept of soft-storey isolation first
proposed by Fintel and Khan in 1968 [34], (ii) insertion of CSBs as diagonal braces in low-rise frame
structures with direct computation of the global stiffness matrix [32]. The latter procedure is not
applicable to more complex structures for which the direct computation of the global stiffness matrix

becomes cumbersome.

More recently, direct analytical equations were obtained for preliminary design purposes to correlate
the target mechanical parameters required by the PBSD framework (seismic base shear, ductility
capacity, hardening, energy dissipation, ...) with the geometrical and mechanical parameters of the
CSBs [35]. A design approach is here proposed which encompasses the following design phases
(Figure 1): (A) identification of the seismic performance objectives for the whole structure (target
performances) taking into account the intended use of the structure, its strategic importance, any
economic issues, etc.; (B) evaluation of the target mechanical parameters of each component of the
lateral-resisting system; (C) evaluation of the actual geometrical and material properties of each
component of the lateral-resisting system (i.e. sizing of the CSB); (D) final verification of the actual
seismic performances of the whole structure (capacity curve through pushover analysis and

performance points through non-linear time history analyses).

PHASE A: PHASE B:
Seismic Performance Target mechanical PHASE C: PHASE D:
Objectives (POs) for parameters for each Sizing of each CSB Final verifications
the whole structure CsB

Figure 1: Schematic representation of the phases of the proposed design approach.

A similar approach has been applied to design a two-storey one-bay prototype frame braced with
CSBs [36,37]. In that case, three POs have been identified for the prototype frame tested under
reversed quasi-static cyclic lateral loads. The experimental results proved that the CSBs may
represent a feasible solution for high-performances braced frame structures, able to satisfy multiple
target seismic performance objectives (technology validation in a laboratory environment,

corresponding to a TRL=4).
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This work proposes an innovative step-wise design procedure, grounded on the design approach
represented in Figure 1, for the insertion of CSBs as enhanced diagonal braces in mid-rise Not
Moment-Resisting pinned Frame (NMRF) buildings. The novel structural system will be hereafter
synthetically referred to as CSB Frame (CSBF). Since NMRFs do not contribute to carry lateral loads,
the CSBs are the only components of the lateral-resisting system and therefore can be designed to
exploit their full potential in terms of the desired non-linear force-displacement behavior. The
innovative aspect of the proposed design procedure is twofold. On one hand, the coupling of a mid-
rise multi-storey NMRF devoted to withstand vertical loads only with CSBs having the function of
lateral-resisting system. On the other hand, the desired seismic performances for the whole structure
leading to an “almost” uniform seismic behavior in terms of: (i) uniform along-the-height inter-storey
drift (1D) profile, (ii) controlled yielding of all the CSBs along the height, (iii) minimum ductility
capacity at all storeys, and (iv) minimum post-yielding hardening stiffness to mitigate second order
(P-A) effects and reduce residual displacements. In this work, the latter aspect related to the mitigation
of P-A effects is addressed in two ways: (1) with the introduction of a number of additional
modification factors A to be used in the preliminary design phase, and (2) through the development
of a numerical case study dealing with the comparison of the seismic response with and without

consideration of second-order effects.

The paper is organized as follows. Section 2 illustrates the main features of CSBs highlighting the
expected superior performances of CSBFs with respect to conventional CBFs. Section 3 introduces
the proposed seismic design procedure, that is then applied in Section 4 to a 10-storey one-bay CSB
frame as illustrative example. In the applicative example the performances of the CSBF are compared
with those of a CBF equipped with concentric diagonal braces (CBs) designed to obtain the same
initial stiffness of the CSBF.

2. The expected seismic performances of CSBF structures

2.1. The main features of CSBs: geometrical, mechanical properties and
design equations

In this section the main features of CSBs are briefly recalled. The CSB device is graphically
represented in Figure 2a. The device is schematized as two straight elements of equal lengths L”
(symmetrical bilinear CSB) and initial inclination & from the horizontal direction. The extremes are
hinged so no rotational restraint is provided. One of the extremes (point B) is free to move along the

horizontal direction u. One of the main geometrical parameters governing the CSB behavior is the
4
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initial lever arm do (suffix “0” stands for the initial configuration), also written in normalized form
&=0do/2Lo. The value of do has proved to severely influence the mechanical response of the CSB.
Indeed, force-displacement responses both in tension and compression (Figures 2b and c) are
governed by the interaction between the mechanical non-linearity of the material and the geometrical
non-linearity resulting from the variation of the initial lever arm do which strongly affects the axial-
flexural interaction. This aspect has been recently investigated with analytical models that clarified
the role of the lever arm on the transition between the flexure-controlled and the axial-controlled
portions of the tensile force-displacement response of the CSB (Figure 2b) described by key
performance points [35]. In particular, the force-displacement response in tension is qualitatively
shown in Figure 2b evidencing the main behaviour regions with different colors. The first elastic
region is characterized by an initial linear elastic behavior (with initial lateral stiffness kin) up to the
flexural yielding point Psy, followed by a pseudo-plastic plateau (plastic flexural region) governed by
flexure up to the geometric hardening region, starting at point Pgh and ending at point Pay, followed

by the final plastic axial region. The extent of the pseudo-plastic plateau region limited by the two
points Py, and Pg governs the ductility x of the CSB. For illustrative purposes, the influence of ¢,

on the shape of the F-u curve is qualitatively represented in Figure 2d. The in-plane force-
displacement response in compression (qualitatively shown in Figure 2c) is characterized by a first
elastic phase, concluded by the achievement of the yielding moment of the knee-point cross-section
(point P¢ in Figure 2c), followed by a softening branch governed by geometrical non-linearity. The
key performance points of the force displacement response in tension (Pr, Pgnh and Pay) and
compression (P¢) are identified in Figures 2b and c. Further details are provided in [35].
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Figure 2: (a) The “symmetric bilinear” configuration of a CSB subjected to a lateral force F. (b) Force-

displacement response in tension. (c) Force-displacement response in compression (not in scale with respect
to the curve in tension). (d) The influence of &; on the force-displacement response in tension. Adapted from

[35].

In order to guide the identification of the optimal CSB device, design equations (provided in the

Appendix) are drawn to correlate the target mechanical parameters of the CSB (for instance the target

initial stiffness k,, , the target yielding strength F_y and the target ductility capacity; ) with its main

geometrical parameters &, h and J.

2.2. Comparing the seismic performances of CBFs and CSBFs

This section compares, from a conceptual point of view, the behavior of a CBF and a CSBF. For

illustrative purposes, without loss of generality, a 10-storey one-bay structure is considered. The
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columns are pinned at the base, as well as between consecutive storeys, thus leading to a NMRF
structure. Also, the beams and the braces are connected to the columns by means of pinned
connections. As mentioned before, since a NMRF is not able to withstand any lateral load, the
resistance against horizontal actions has to be provided entirely by the braces. Figure 3 compares the
behavior of the same NMRF equipped with CBs and with CSBs. The CBF (Figure 3a) behaves as a
truss system with both columns and CBs subjected to axial forces only, which increase going from
top to bottom storeys. In the CSBF (Figure 3b), the columns are subjected to axial forces only, while
the CSBs are subjected to combined axial forces and bending moments due to the presence of the
initial lever arm do. Therefore, while in a CBF both the lateral stiffness and strength depend uniquely
on the axial behavior of the braces, in a CSBF the coupled flexural-axial response of the CSBs enables
additional freedom in fine tuning the lateral response, as it will be shown in the next sections.

N in the columns

e e mm Tension
Pinned { s Compression
—_— connection —_ mmm Bending Moment

— Single CB

?i}\ N and M in the CSBsg
Single CSB
Fa
—_— ,-’/_

Couple of CSBs
Fro
e 7/.“
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t

Ll
mmmm
|

(@) (b)

Figure 3: (a) Behavior of a CBF subjected to lateral loads; (b) behavior of a CSBF subjected to lateral loads.

2.3. Desired seismic performances of Uniform CSBFs

The proposed design procedure, that will be illustrated in detail in Section 3, guides the designer to
obtain, through the imposition of specific seismic performance objectives (phase A), a structural

system with the following desired seismic performances:

¢ uniform ID profile along the height of the structure under a frequent earthquake design level

(first performance objective PO1, see Section 3.3);
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e along the height yielding of the braces under an occasional earthquake design level (second

performance objective PO2, see Section 3.4);

e minimum ductility capacity at all storeys to ensure diffuse plasticization, avoid large
discrepancies in the peak inter-storey drifts and reduce the risk of dangerous localized
damages possibly leading to soft/weak storey mechanisms under a rare earthquake design
level (third performance objective PO3, see Section 3.5);

e minimum final hardening stiffness to mitigate second order (P-A) effects and residual drifts
and reduce the risk of global instability/collapse under a very-rare earthquake design level

(fourth performance objective PO4, see Section 3.6).

A frame system braced with CSBs undergoing these performances will be hereafter synthetically

referred to as “Uniform CSBF”.

Figure 4a qualitatively illustrates the target capacity curves of different CSBs in terms of the
resistance provided by the CSB along the diagonal direction (F) vs the lateral inter-storey drift ()
ignoring the second order effects associated to the presence of axial forces in the columns (e.g. P-A
effects). Similarly, Figure 4b qualitatively illustrates the target capacity curve of a Uniform CSBF in
terms of global base shear (Vbase) Vs lateral displacement of a specific control point (for instance, the
roof displacement droof) ignoring the second order effects associated to the presence of axial forces in
the columns (e.g. P-A effects). The four Performance Points (PPs) corresponding to the four seismic
performance objectives (POs) identified in the first phase of the design approach (Phase A) are
indicated with colored dots. The global target capacity curve of the whole lateral-resisting system
(phase D) results from the contribution of each CSB device (phase C). The contribution of the single
CSB to the global target capacity curve is discussed in detail in section 3.2, also highlighting the

consequences related to the P-A effects.
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Figure 4: (a) Qualitative representation of the force vs inter-storey drift target capacity curves of the single

CSB located at different storeys ignoring P-A effects; (b) Qualitative representation of the base shear vs roof

displacement target capacity curve of the Uniform CSBF ignoring P-A effects.

3. Seismic design procedure for Uniform CSBFs

3.1. Overview of the design procedure

Figure 5 provides the general flowchart of the proposed step-wise seismic design/verification
procedure. In detail, the procedure is based on the four conceptual phases presented in Figure 1 (from
A to D) articulated in 7 operational steps. It is mainly targeted to professional engineers with the
purpose of reducing the computational effort typical of more complex design procedures requiring
the implementation of sophisticate optimization algorithms requiring ad-hoc tools and software,
typically beyond the expertise of common practitioners.

The starting phase (phase A) consists in the identification of the seismic performance objectives (POs)
for the whole CSBF (STEP 1), which are the set of desired structural performances (target
performances) under the selected multiple earthquake design levels (EQs). Reference is here made to
the four performance objectives established by [38].

In phase B, four relevant performance points (PPs) of the target capacity curves of each individual
CSB are determined by imposing the four POs. These performance points allow then to identify the

target mechanical parameters of each CSB (STEPS 2-5).
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In phase C, the CSBs are sized in terms of their geometrical and material properties, based on the
target mechanical parameters obtained in the previous phase, using the design equations reported in
Appendix or, alternatively, performing numerical simulations (STEP 6). To help the designers in the
identification of the most suitable geometry and cross-section profiles for the CSBs, also design charts
(such as those represented in Figure 2d) can be used. Clearly, the real capacity curves of the CSBs
will slightly differ from the target ones. Hence, in phase D, non-linear time-history analyses and
verifications will be performed. More in detail, the final step (STEP 6) consists in both global
verification of the actual capacity curve through non-linear static analysis and local verifications of

all structural elements through non-linear time-history dynamic simulations.

PHASES AND STEPS OUTCOMES
Performance objectives
< STEP L. PO1: Uniform drifts under PO3: Ductile behavior under
(u&)J POs identification 5 frequent earthquake (EQ1) rare earthquake (EQ3)
G PO2: CSBs yielding under PO4: No collapse under
l occasional earthquake (EQ2) very-rare earthquake (EQ4)
STEP2: _ /)
zZ Initial stiffness (PP1) _— k
[©) IN
)
2 )
()]
STEP3:
E - Yielding point (PP2) —> —
< 2 Fy Target mechanical
z | |2 } _ Tag
S & parameters
= STEP 4:
d ductility (PP3) _> _
o H
& !
STEPS: —
Hardening stiffness (PP4) > u F
l l h? h )
o STEP6: Sords h .
§ Sizing of CSBs E— Geom_etrlcal and_
T material properties
Cross
l section shape
pd /7 Pushover .
<0 |2 STEPT: curve Performance points
= 7) 2 Verification through
— 1l I non-linear analyses N .
LA Time-history T
response Seismic behaviour

Figure 5: Overview of the proposed step-wise design procedure.
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3.2.  STEP 1: Identification of the seismic Performance Objectives and target
capacity curves with and without consideration of P-A effects

Four POs are identified for the Uniform CSBF:

PO1: No damage under Frequent earthquake. The building has to remain fully operational

(i.e., in the elastic field) under the frequent design level EQ1. It is achieved by determining
the target initial stiffness a of each CSB in order to have uniform inter-storey drifts along
the building height.

PO2: First yielding under Occasional earthquake. The building has to remain in operational
conditions (limited and repairable damage) under occasional design earthquake level EQ2. It

is achieved by determining the target yielding strength F_y of each CSB in order to ensure an

almost simultaneous yielding of all the CSBs.
PO3: Life safety under Rare earthquake. The safety of the occupants has to be guaranteed

under the rare earthquake design level EQ3. It is achieved by determining the minimum target
ductility /_1 of each CSB in order to guarantee a diffuse plasticization of all the CSBs.

PO4: Collapse prevention under Very Rare earthquake. The global instability/collapse of the
building has to be prevented under the very rare earthquake design level EQA4. It is achieved
by determining the minimum hardening stiffness and ultimate capacity of the CSBs to ensure

the global stability of the whole structure.

For each selected PO, Table 1 provides the considered earthquake design level (typically expressed

in terms of a ground motion having a certain probability p of being exceeded within a given time

frame VR, e.g. having a certain return period Tr). For each earthquake design level, the required

structural performance level, the corresponding engineering demand parameter, the performance

point and the corresponding target mechanical parameter to be determined for each CSB device are

also reported.

Table 1: Seismic performance objectives for the Uniform CSBF.

Earthquake design | Structural Engineering Demand Performance Target CSB
level performance Parameter Point on the F-6 mechanical
level curve of each CSB | parameters
PO1 EQ1L No damage Inter-storey drift (ID) PP1 m
(p=80% within VR) ratio
PO2 EQ2 First yielding First yielding strength PP2 F_y
(p=50% within VR)

11
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PO3 EQ3 Life safety Ductility demand PP3
(p=10% within VR)

PO4 EQ4 Collapse Final hardening PP4 — —

u,, AR
(p=5% within VR) prevention providing over-
strength and ultimate

displacement capacity

The structural performances are typically quantified in terms of one or more Engineering Demand
Parameters [38], that, in general, could be defined both at the whole structure level and at the single

structural element level. In this specific case, the target structural performance associated to PO1
consists in limiting all peak ID ratios to the same target value (E ). It is achieved by ensuring a target
initial stiffness a for each CSB. The target structural performance associated to PO2 is a minimum
yielding strength for the whole lateral-resisting system (base shear capacity) that is achieved by
ensuring a target yielding strength for each CSB (F_y). The target structural performance associated
to PO3 is the uniform plasticization of the CSBs along the height that is achieved by ensuring a proper
ductility capacity (ﬁ) for each CSB, evaluated from the ductility demand resulting from the seismic
design intensities at EQ2 and EQ3. The target structural performance associated to PO4 consists in a
minimum capacity to be ensured by the final hardening branch of the CSB (providing an over-strength
capacity equal to F, leading to a total strength capacity Eh at displacement m).

Figure 6 provides a qualitative representation of the idealized target capacity curve in terms of force
along the diagonal direction vs elongation along the diagonal direction (F-u) of the generic CSB when
inserted in a frame. The angle ¢ indicates the inclination of the diagonal projection of the CSB with
respect to the horizontal direction. Two families of curves are depicted. The black curves are obtained
ignoring the P-A effects. The grey curves account for the P- A effects. In general, all target capacity

curves are composed by: (1) a first linear elastic branch (where the performance point PP1 is located)

with slope equal to ﬂ up to the performance point PP2, characterized by yielding strength F_y and
yielding displacement @ ; (2) a pseudo-plastic branch characterized by the target minimum ductility

; allowing to identify the performance point PP3; (3) a hardening branch containing the
performance point PP4 which is identified by imposing a minimum capacity in terms of strength F,

and displacement u,, .

12
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It should be first noted that the target yielding strength F_y is here assumed as the force leading to the

formation of the plastic hinge at the knee cross-section of the CSB, thus accounting for the benefit
corresponding to the cross-sectional shape factor f. It could be also noted that several trilinear
relationships may be identified to satisfy the same target objectives. Clearly, the actual capacity
curves of CSBs will be characterized by a smoother behaviour, as qualitatively shown in Figure 4.

The P-A effects can be visualized as a negative geometric stiffness of slope equal to ks = - P/H which
reduces the actual stiffness of the target capacity curve obtained ignoring the P-A effects ([39]).
Clearly, the relative importance of the P-A effects depends on two main factors: the demand in terms
of lateral displacement related to the earthquake intensity level and the amplitude of the vertical loads
P, mainly related to the building height. Typically, for low earthquake intensity levels and low-to-
mid-rise buildings, it is expected that the structure responds essentially in the elastic field with an
initial stiffness significantly higher that the negative stiffness (given the limited amplitude of the
vertical loads). Consequently, in these cases, the P-A effects have a minor impact on the seismic
response of the structure and can be neglected in the preliminary design. Instead, for higher
earthquake intensity levels and mid-to-high rise buildings, a seismic response within the inelastic
field is typically permitted with higher displacement demand and reduced effective lateral stiffness.
Therefore, in these cases, the P-A effects may have a significant impact on the seismic behavior of

the structure, increasing the seismic displacement demand and reducing the reserve strength.

Final hardening branch
ignoring P-A effects

Final hardening branch
including P-A effects

—==2G]

13



O 00 N o un A~ W N P

10
11
12
13
14
15
16
17
18
19
20
21

22

23
24
25

26
27
28
29

30

31
32
33

Figure 6: Possible target capacity curves for a single CSB satisfying the four POs, with and without

consideration of P-A effects.

The next sections provide the practical indications to develop the preliminary design aimed at the
first sizing of the CSBs to fulfill the target POs. The first and second POs are imposed by performing
linear dynamic time-history analyses with the CSBs modelled as equivalent linear elastic springs.
Therefore, the target initial stiffness and yielding strength of the CSBs are first determined without
explicit consideration of the P-A effects, which can be then considered (if relevant) by applying
specific modification factors (referred to as A1 and A2) whose values can be calibrated by means of
specific non-linear dynamic time-history analyses. However, the calibration of the specific values of
the modification factors is out of the scope of the present work.

The proposed procedure based on linear dynamic time-history analyses is suggested for relatively
stiff mid-rise structures whose dynamic behavior under low intensity earthquake is not significantly
affected by second order effects. Alternatively, when dealing with more flexible structures that are
potentially prone to significant second order effects, the linear dynamic time history analyses could
be replaced by non-linear dynamic time history analyses considering geometrical second order
effects.

The third PO is determined analytically by comparing the elastic design spectra corresponding to
EQ2 and EQ3. The fourth PO is determined analytically by explicit consideration, in a simplified
way, of the P-A effects.

3.3. STEP 2: Initial stiffness and point PP1

The target structural performance associated to POL1 is the limitation of all peak ID ratios to the same
target value ID under the frequent earthquake design level EQL. It is achieved by calibrating the
initial elastic lateral stiffness of each CSB (k,,, ) by means of an iterative procedure (inspired by the
work by Lavan and Levy [40]) in order to satisfy the limitations in terms of peak ID ratios as
prescribed by current seismic codes.

For this aim, a linear Finite Element (FE) model should be developed with each CSB modelled as an

equivalent elastic spring characterized by initial (superscript 0 stands for the initial phase before the
iterations) stiffness value ke,,i0 (with i indicating the generic i-th CSB). In order to determine the

final target initial stiffness of each CSB, an iterative procedure is performed. At the beginning of the
procedure, linear dynamic time-history analyses (considering an ensemble of ground motions

consistent with the design earthquake level EQ1) are performed considering the linear FE model with
14
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the initial elastic springs kelyio. From the outcomes of the analysis, the average (over the
accelerograms of the ensemble) peak ID ratio profile ( IDEQ”0 with j indicating the j-th storey) is

determined and compared with the target value ID in order to compute the discrepancies

AIDJ.1 = IDEQLJ.O —1D. Then, at the first iteration (identified by superscript 1), the stiffness of the i-th

1

spring located at the j-th storey is updated to k,;' =k, ” + Ak, ' with Ak, ;" proportional to AID;':

Aky =k, — (1)

The stiffness of the springs is then updated accordingly and the average peak ID ratio profile is
recomputed.
Similarly, at the generic k-th iteration the stiffness of the i-th spring located at the j-th storey is

k

modified by a quantity Ak, proportional to AID;* = 1Dy, ** -1D:

Ak, =k, S (2)

The iterations are repeated until all ID values (IDgy, ;) are close enough to the target value 1D
(within an acceptable tolerance, for instance ‘AIDJ.‘ <0.05-1D ).

The final value of stiffness for each linear spring obtained at the end of the iterative procedure k. ; is

then set equal to the initial lateral stiffness of the corresponding CSB:

FN,i = Ay Ky, (3)

A;; is a modification factor accounting for several factors that cannot be captured by the proposed

calibration procedure, such as P-A effects.
The elongations and the axial forces of each spring under the earthquake design level EQ1 allows to
identify the performance point PP1.

3.4. STEP 3: Yielding strength and point PP2

The target structural performance associated to PO2 consists ideally in the simultaneous plasticization
of the CSBs under the occasional earthquake design level EQ2. It is imposed by calibrating the
yielding point of each CSB with numerical simulations (no iterations are required). In detail, once the
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initial stiffness values of each linear elastic spring modelling each CSB device have been determined
(STEP 2), it is possible to evaluate the peak force in each spring under the earthquake design level
EQ2. For this aim, linear time-history analyses are performed on the FE model with the final linear

springs and considering an ensemble of ground motions compatible with the EQ2 design level.

The target yielding strength of the i-th CSB (F;; ) is then set equal to the average (over the ground

motions ensemble) peak elastic force of the corresponding equivalent linear spring:

Fy,i = /IZi ) Fel,i (4)

A, is a modification factor accounting for several factors that cannot be captured by the proposed

procedure, such as P-A effects.

The corresponding target yielding displacement can be then estimated as q = F_yi/ K, - The values

of target yielding displacement and target yielding strength identify the target yielding point PP2 of
the target capacity curve of each CSB.

3.5. STEP 4: Ductility and point PP3

The target structural performance associated to PO3 consists in the imposition of a uniform ductility
demand for all CSBs (that are designed to have consequently larger ductility capacity) in order to
ensure an “almost” uniform peak ID profile under the rare earthquake design level EQ3. In the
preliminary design phase, it is typical to assume the use of the equal displacement rule for linear and
non-linear systems (see [41]), thus allowing to estimate the minimum ductility demand as the ratio
between the ordinates of the EQ3 and EQ2 elastic pseudo-acceleration spectra at the fundamental
period of vibration, assumed that the latter does not change from EQ2 to EQ3. Then, if the same
spectral shape is assumed for the EQ3 and EQ2 response spectra, the ratio between the ordinates of

the elastic pseudo-acceleration spectra is coincident with the ratio of the EQ3 and EQ2 peak ground

accelerations 8, co; and &, ¢y, , respectively. According to these simplifications, the ductility demand

for the i-th CSB can be estimated as: ;i = A4i "84 03 | 4, £02 - A3 is @ modification factor (typically
larger or equal to 1.0) that can be selected by the designer to address special requirements and/or to
achieve higher safety levels. 4, represents a measure of the desired capacity/demand ratio which is
imposed for each CSB. In case A,; values are set larger than 1.0, the structure will be able to resist

earthquake intensities higher than EQ3 with the CSBs still in their pseudo-plastic range. The target

ductility ;Ii allows to identify the potential locations of the performance points PP3 (see the orange
16
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dots in Figure 6). The specific location of PP3 is then evaluated after the P-A effects are

approximately evaluated in STEP 5.

3.6. STEP 5: Final hardening and point PP4

The target structural performance associated to PO4 consists in ensuring a minimum strength and

displacement capacity for each CSB in order to preserve the global structural stability under the very-

rare earthquake design level EQ4. In the preliminary design phase, the global structural stability can

be approximately evaluated in terms of second order effects according to the well-known P-A method

[42,43]. In detail, the frame stability is ensured if the CSBs at the j-th storey are able to guarantee an

hardening strength A_th =AV,-AV,,, with AV; =P, 4,; -,/ H; equal to the fictitious shear
M

necessary to balance the P-4 effects. P, => R, is the vertical load acting at the bottom of each
k=i

column at the j-th storey obtained as the sum of the floor loads Rk, while M indicates the total number

of storeys. J,, is the peak ID demand as obtained from EQ4 earthquake design level. H; is the j-th
inter-storey height. At each j-th storey, the peak inter-storey displacement &, can be estimated as

1)

gaj = 1D H, -ag'4/agyl.

The strength and displacement capacity of the i-th CSB can be estimated using the following
equations:

m- =/14i -0,

i EQ4,j

-C0s 9 (5)
F,. :F_yi+(A_th/cos,9) (6)

A4 is amodification factor (typically larger or equal to 1.0) that can be selected by the designer based

on specific design requirements and/or safety levels. In case 4, values are set larger than 1.0, the
structure will be able to resist to earthquake intensities higher than EQ4 with the CSBs still in their

pseudo-plastic range. On the other hand, larger values of 4,; may lead to large residual displacements.

The couple of values mi and Fhi identifies the target point PP4 of the target capacity curve of each

CSB.
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3.7. STEP 6: CSB sizing

Once the target mechanical parameters have been obtained (phase B), the CSBs are sized and
modelled (phase C). The sizing of each CSB device (assuming the bilinear symmetric configuration
displayed in Figure 2) consists in: (i) evaluating the normalized lever arm & and cross-section

parameters h and J, leading to the target values of the mechanical parameters for each CSB (i.e. initial

stiffness m , yielding strength F_y and ductility demand ; ), and (ii) verifying the actual capacity

against P-A effects (E, a). Note that both evaluation (i) and verification (ii) can be carried out

using the design equations discussed in the Appendix.

3.8. STEP 7: Final verification

Numerical simulations should be carried out by means of non-linear static (pushover) and non-linear
dynamic (time-history) analyses considering the actual non-linear characteristics of all structural
members and the CSBs as obtained from the preliminary design. The results can be used for the final
fine-tuning of the CSBs (slight modifications in geometry and/or cross-section) and to verify all the

structural requirements according to code prescriptions.

4. Applicative example

4.1. The analyzed structure

A fictitious 10-storey steel structure is here considered as an applicative example representative of a
flexible mid-rise building. The building is supposed to be located in a high seismic risk region of
Southern ltaly. It has a rectangular plan (30 m x 15 m) with a regular structural mesh (6.00 m along
X direction and 5.00 m along Y direction), and a constant inter-storey height H equal to 3.5 m for a
total height Hwt = 35 m. Figure 7 provides a plan view and two elevation views (one unbraced bay
and one braced bay). The total vertical load per unit area is equal to 8.0 kN/m?. The horizontal floors
are assumed rigid in their own plane thanks to the presence of stiff diagonal braces.

The vertical resisting system is made by NMRFs composed by columns and beams having European

HE and IPE cross-section profiles, respectively, as shown in Figure 7b.
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Figure 7: (a) Plan view of the example building with indication of the braced bays (circled in red). (b)
Elevation view of one unbraced bay with indication of the profiles for beams and columns. (c) Elevation

view of one braced bay with indication of the CSBs.

Braces are supposed to be inserted in the perimeter frames circled in red in Figure 7a (6 bays along
the y direction and 4 bays along the x direction). For illustrative purposes, the design procedure is
here fully developed with reference to one single braced frame along the y direction whose elevation
view is shown in Figure 7c.

It is assumed to place two equal CSBs at each storey as shown in Figure 7c. Steel grade S235 is
considered (elastic modulus E=200 GPa, yielding stress fy=235 MPa, ultimate stress f,=360 MPa and

ultimate strain &=13.4%).

4.2. Preliminary design of the Uniform CSBF
4.2.1. The linear Finite Element model

The finite element models of the planar frame are developed using the commercial software SAP2000
v18 [44]. All beams and columns are modelled as linear-elastic frame elements with end releases at
both end nodes. Different modelling techniques have been employed for the CSBs, following the
general procedure presented in the previous section. In particular, for the preliminary design phase,
the CSBs are modelled through equivalent linear elastic springs as employed in STEP 2 and STEP 3
to calibrate the initial stiffness and the yielding strength of each CSB.
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4.2.2. Earthquake input and performance objectives (STEP 1)

The seismic hazard parameters of the four considered earthquake design levels (EQ1, EQ2, EQ3 and
EQ4) are listed in Table 2. They are representative of the city of Reggio Calabria (Southern Italy)
characterized by a high seismic hazard level. For each considered earthquake design level, an
ensemble of 10 artificial accelerograms has been generated by using SIMQKE software [45]. The
resulting average pseudo-acceleration response spectrum with 5% damping ratio is compatible with

the design elastic response spectrum as given by the Italian building code [46].

Table 2: Values of the seismic hazard parameters for each earthquake design level.

Tr [years] ag [0] Fo[-] Tc* [s]
EQ1 60 0.1 2.289 0.295
EQ2 101 0.130 2.300 0.310
EQ3 949 0.359 2410 0.389
EQ4 1950 0.469 2.469 0.427

The symbols used in Table 2 refer to the seismic hazard parameters as per the Italian building code
NTC18 [46]: Tr is the return period, ag is the ground acceleration on stiff soil (e.g. soil type A); Fo is
the maximum dynamic amplification at the plateau region of the elastic pseudo-acceleration design
spectra with 5% damping ratio; Tc" is a reference value to be used to determine the corner period.
The elastic pseudo-acceleration design spectra with 5% damping ratio corresponding to the four
design earthquake levels are displayed in Figure 8a. Figure 8b displays the pseudo-acceleration
spectra (with 5% damping ratio) of the 10 artificial earthquakes of the EQ1 ground motions ensemble
(the red line corresponds to the mean spectrum). The spectra of the other three ensembles have similar
shapes and variabilities; therefore, for the sake of conciseness, they are not reported here.

It is worth pointing out that more refined criteria could be used for the selection of ground motion
records, such as those based on the conditional spectrum [47], those based on the concept of non-
frequent real ground motion records accounting for both record-to-record variability and event-to-
event variability [48-50], and those based on the combined use of peak ground motion parameters,
such as PGA, PGV and PGD [51]. However, the discussion on selection criteria for the seismic

records is beyond the objective of the current work.
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3 Figure 8: (a) Elastic design pseudo-acceleration spectra corresponding to the four earthquake intensity
4 levels. (b) Elastic pseudo-acceleration spectra (5% damping ratio) of the ten accelerograms composing the
5 EQ1 ensemble.
6
7  The performance objectives, the target mechanical parameters and the modification factors adopted
8 inthe applicative example are listed in Table 3.
9
10 Table 3: Performance objectives, target mechanical parameters and modification factors
o Target mechanical o
Performance Objectives Modification factors
parameters
ID =0.5% at all storeys _
PO1 k from Egs. (1), (2), (3) 4;=1.0
under EQ1
PO2 CSB yielding under EQ2 F, from Eq. (4) A, =1.0
ductile behaviour under —
PO3 42 >3 for all CSBs A5=1.1
EQ3
E from Eq. (5)
PO4 no collapse under EQ4 L Ai=1.1
AR, from Eq. (6)
11
12 4.2.3. Imposition of the target mechanical parameters of the CSBs (STEPS 2-5)

13 A target ID ratio ID= 0.5% has been assumed to determine the initial stiffness of the CSBs, as
14  reported in Table 3. At the beginning, a uniform along-the-height initial stiffness value kin®>=1 kN/mm

15 isassumed for the 10 linear springs modelling the CSB at all storeys (indicated as S1, S2, ..., S10in
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Figure 9a). It is worth noticing that the value of kin® = 1 kN/mm has been selected merely to show the
fast convergence of the procedure even in the case of initial peak ID values quite far from the target
one. In a more practical case, the initial values of the spring stiffness kin® can be evaluated based on
a preliminary structural analysis (for example, through an equivalent static analysis with horizontal
forces).

The lateral deformed shape obtained from a linear static analysis with application of a uniform
distribution of lateral static forces is represented in Figure 9b. It can be noted that the along-the-height
displacement profile is far from being linear.

At the first iteration of the procedure performed to obtain the target initial lateral stiffness, the average
peak ID profile has been computed from the linear time-history analyses considering the EQ1 ground
motions ensemble (Figure 9c). Also, in this case the peak ID profile is far from being uniform. It
should additionally be noted that almost all values (excluding the one at the top storey) exceed the
target ID. This indicates that the initial stiffness of the linear springs kin® is smaller than the one

required to satisfy the first performance objective PO1. Thus, in order to satisfy PO1, the iterative

procedure described in Section 3.2 has been implemented.

Lateral loads and elastic springs Lateral deformed shape
1 —

1 S9 f 10 .
[}
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(a) (b) (©)
Figure 9: (a) Uniform distribution of lateral forces for the initial uniform distribution of linear springs. (b)
Lateral deformed shape under uniform distribution of lateral forces. (c) Average ID profile under EQ1 design

level obtained for the initial uniform distribution of linear springs.

Figure 10a displays the evolution of the average peak ID profiles under EQ1 ground motions
ensemble as obtained from the iterative procedure. It can be noted that the values of the final ID

rations (red thick curve) reported are within the grey area indicating the target value with a tolerance
22
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of +-10%. Figure 10b displays the updated stiffness values of the linear springs modelling the CSBs
located at each iteration. At the end of the iterations, the final stiffness value of each linear spring is
set equal to the initial lateral stiffness of the corresponding CSB. Their numerical values are reported

in Table 4. As expected, the values increase from the top to the bottom of the frame.
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Iteration 3 = Iteration 3
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Figure 10: (a) Average peak ID ratio profile under EQ1 ground motions ensemble. (b) Values of spring

stiffness ke at each iteration.

Figure 11a displays the average along-the-height profile of the internal forces in each linear spring as
obtained from the linear time-history analyses considering the ground motions ensemble EQ2. Those
values are then set equal to the yielding forces of the corresponding CSB. Their numerical values are
reported in Table 4.

The fundamental period of vibration of the linear finite element model at the end of the calibration is
equal to 6.0 s, while at the initial stage (initial configuration with uniform stiffness at all storeys) it
was equal to 8.5 s. It is worth pointing out that the obtained value of the fundamental period is not
usual for mid-rise 10-storey steel structures (which are typically characterized by fundamental period
values in the range 1.0 — 2.0 s). Rather it corresponds to the typical fundamental period of a much
taller and flexible building. This result comes directly from the imposition of uniform 0.5%
interstorey drift ratio at PO1. The high flexibility of the fully pinned structure requires a check of the
non-linear geometric effects, which will be performed in the final verification step through the
simplified P-A analysis. However, in practical applications, the structural designer may decide to
obtain a stiffer structure with shorter fundamental period by imposing a smaller target ID ratio.
Figure 11b provides the corresponding average peak ID profiles. As expected, the profile is almost

uniform with maximum values increased of a factor of around 1.27 with respect to those obtained
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the ratio between the peak ground accelerations of the EQ2 design level and the EQ1 design level).
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Figure 11: (a) Peak axial forces in the linear diagonal springs under the EQ2 design level. (b) Average peak

ID ratio profile under the EQ2 ground motions ensemble.

The target displacement ductility demand ﬁ is evaluated considering a coefficient A,; = 1.1 and the
values of @, o3 and @, o, as reported in Table 2. The over-strength and displacement capacities of

each CSB to prevent collapse induced by P-A effects are evaluated considering a coefficient 1, =

1.1 and the values of &, ¢, and &, ¢, as reported in Table 2. The numerical values of ﬁ AF,_, and

U,_, are collected in Table 4.

4.2.4. CSB sizing (STEP 6)

The CSBs are sized according to the direct design equations reported in the Appendix making use of

the values of m F_y and /_1 AR, ., E as reported in Table 4. The values of g?o h and 3

calculated using the direct design equations, are also reported in Table 4.
The cross-section profiles of the CSBs have been selected as tubular circular profiles that have the

closest geometrical parameters as the target ones. For each CSB, the values of the actual normalized

lever arms fo, cross-section external diameter (D), moments of inertia (J) and thickness (t) are

provided in Table 4.

24



1 Table 4:

Target mechanical parameters, target cross section parameters and actual cross section parameters

2 for each CSB.
CSB number Target mechanical parameters (from Target cross-section Actual cross-section parameters
Egs. 1-6) parameters (from Eqs. A4-
AB)
kh | F| x| AR |y & h J & D t J
[kN/m | [kN] kN] | [mm] | (o | [mm]| [mm4] e | [mml | [mm] | [mmd]
m]
CSB1 246 | 4564 | 3.0 9.3 75 8.0 191 | 8.26:10° 8.0 195 | 3.0 | 8.34-10°
CSB2 231 | 4258 | 3.0 9.3 75 7.9 192 | 7.74-10° 8.0 190 | 3.0 | 7.71-10°
CSB3 212 [ 3844 | 30 9.3 75 7.9 194 | 7.02:10° 8.0 190 | 3.0 | 7.71-10°
CsB4 1.97 | 3580 | 3.0 9.3 75 7.9 194 | 6.53-10° 8.0 190 | 25 | 6.47-10°
CSB5 1.93 | 3483 | 3.0 9.3 75 7.9 195 | 6.38:10° 8.0 190 | 25 | 6.47-10°
CSB6 1.88 |3395| 3.0 9.3 75 7.9 195 | 6.22:10° 8.0 190 | 25 | 6.47-10°
CSB7 1.65 | 2945 | 3.0 9.3 75 7.8 196 | 5.41-10° 8.0 190 2 5.22-10°
CsB8 155 | 27.62 | 3.0 9.3 75 7.8 196 | 5.08:10° 8.0 190 2 5.22-10°
CSB9 143 | 2543 | 3.0 9.3 75 7.8 196 | 4.68:10° 8.0 190 2 5.22-10°
CSB10 1.08 | 19.12 | 3.0 9.3 75 7.8 197 | 3.58:10° 8.0 190 | 1.5 | 3.94-10°
3
4  Clearly, the real geometrical parameters of the sized CSBs results in slightly different mechanical
5 performances from the target ones. To evaluate the level of approximation related to these slight
6  discrepancies, the full non-linear force-displacement capacity curves of the CSBs have been obtained
7  from numerical simulations carried out using the Finite Element software SeismoStruct [52]. Each
8 straight segment of the CSB was modelled with a fiber beam element using the force-based
9 formulation [53]. Non-linear geometry was approached using the corotational formulation [54].
10  Material non-linearity was considered using the Menegotto—Pinto law with the isotropic hardening
11  introduced by Filippou et al. [55] to model the experimental hysteretic behavior of the steel. It has
12 been shown [33] that such modelling technique allows to accurately reproduce the experimental non-
13 linear response of the CSBs. Figure 12 displays the force-displacement capacity curves of three
14 selected CSBs (CSB1, CSB5 and CSB10). The force-displacement curves are obtained by performing
15 non-linear static analysis by imposing a lateral displacement d as sketched in Figure 12a. In particular,
16  Figure 12b provides the zoom for low values of forces and displacements, in order to compare the
17  actual non-linear curves of the three CSBs with the target initial lateral stiffness (dotted straight lines)
18 and yielding point (full circular dots). It can be noted that the level of approximation is acceptable for
19  preliminary design purposes.
20 In the next section the implications of these approximations are further assessed through non-linear
21  static and dynamic analyses performed on the whole braced frame.
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Figure 12: (a) Full force-displacement responses of three selected CSBs; (b) Zoom of the force-displacement

responses of three selected CSBs as compared with the target initial stiffness and yielding point.

4.3. Final verifications through non-linear numerical simulations (STEP 7)
and comparison with the performances of a conventionally braced structure

4.3.1. The non-linear Finite Element Analysis

The final verifications are carried out through non-linear Finite Element Analysis (FEA) developed
with the commercial software SAP2000 v18 [44]. The purpose of the numerical analyses is twofold:
(1) to evaluate the actual seismic performances of the Uniform CSBF, (2) to compare the
performances of the CSBF with those of a CBF characterized by the same initial storey stiffness
values.

For the first aim, a non-linear FE model of the CSBF has been established. Each straight segment of
the CSB is modelled through two non-linear beam elements with plastic hinges (uncoupled flexural
and axial) placed at both end nodes. Steel grade S235 is considered (yielding strength equal to f,=235
MPa and elastic modulus equal to E=210000 MPa). The inherent damping value of 5% (typical for
steel structures) is assumed. The normalized backbone curves describing the behavior of the flexural
plastic hinges (bending moment-curvature) and axial plastic hinges (axial force-axial elongation) are
provided in Figure 13. The backbone curves are obtained considering an elastic-perfectly plastic

material behavior and are normalized with respect to yielding values.
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Figure 13: Normalized backbone curves for the (a) flexural and (b) axial plastic hinges of the CSBs (abs

values are limited to 20).

The fundamental period of the CSBF model is equal to 6.3 s. It should be noted that the slight
difference between the fundamental periods of the linear and non-linear CSBF models is due to the
slight differences between the target and the actual values of the main geometrical properties of the
CSBs, as summarized in Table 4.

For the second aim, a non-linear FE model of the frame equipped with conventional diagonal frames
(CBF) has been established. It should be noted that, in the sizing of the diagonal braces of the CBF
model, the compressed braces (characterized by very large slenderness values) have been ignored,
given their negligible contribution in compression due to premature buckling failure. Consequently,
the (full circular) cross-section area of each diagonal brace in tension is calculated by assuming an
axial stiffness coincident with the target initial stiffness of the couple of CSBs of the corresponding

storey (e.g. @ = ZH). Table 5 provides the numerical values of the target axial stiffness @ of each

CB together with the values of the actual diameters Dcg. Steel grade S235 is considered, along with
the same properties adopted for the CSBs. In the FE model the CBs are modelled as non-linear truss

elements with axial plastic hinges at both end nodes.

Table 5: Target mechanical parameters, target cross section parameters and actual cross section parameters

for each CB.
CB Target mechanical Target cross- Actual diameter of the
number parameter section full circular cross-
parameter section
Kep E Dcs
[kN/mm] [mm?] [mm]
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CB1 491 170.59 14.7
CB2 4.63 160.73 14.3
CB3 4.24 147.12 13.7
CB4 3.94 136.78 13.20
CB5 3.86 134.18 13.1
CB6 3.77 130.89 12.9
CB7 3.30 114.70 12.08
CB8 3.10 107.73 11.7
CB9 2.86 99.29 11.24
CB10 2.16 75.01 9.8

A linear along-the-height profile of the external lateral forces (Figure 13a) is adopted for the non-
linear static (pushover) analysis, while the four ground motion ensembles described in Section 4.2.2
are used for the non-linear dynamic time-history analyses.

Concentrated vertical forces of 150 KN were applied at the top of each column to account for the P-
A effects. All non-linear analyses were carried out considering both the mechanical non linearities
(plastic hinges) and the geometrical non-linearities (according to the formulations implemented in
SAP2000 considering “P-A” and “large displacements”, see [44]).

It should be noted that the obtained numerical results are always affected by model (epistemic)
uncertainties that lead to unavoidable discrepancies between the theoretical predictions, either
analytical or numerical, and the actual response of the structure (especially in the case of non-linear

models, see e.g. [56]) which hence should be considered in design applications.

4.3.2. Results from non-linear static analyses

4.3.2.1.Comparing CSBF and CBF models ignoring P-A effects

The non-linear static (pushover) analyses have been first carried by applying the linear along-the-
height profile of lateral forces only, thus ignoring the concentrated vertical loads.

The comparison of the resulting capacity curves and the representation of the evolution of the
activation of the plastic hinges for the CSBF and CBF models is displayed in Figure 14.

Figure 14a refers to the CSBF model. The activation of the plastic hinges is represented with green
dots, while the corresponding events in the pushover curve are indicated with red dots and capital
letters. It can be noted that the flexural plastic hinges at the knee cross-section of the CSBs
progressively activate along the whole height starting from the lower storeys and then involving the
upper ones. The first plastic hinges (point A) activate at the first four fourth stories almost
simultaneously for a base shear within 70-90 kN and a roof displacement within 200-210 mm. Then,
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1 plastic hinges appear almost simultaneously to all the CSBs up to the sixth storey (points B, C). The
2 remaining flexural plastic hinges (points B, C, D) activate at the higher stories up to point D reaching
3 aroof displacement of 600 mm and a base shear of 110 kN and a roof displacement of 955 mm at the
4  point F. The final hardening after the pseudo-plastic plateau ends at point E (base shear of 360 kN
5 and roof displacement of 1080 mm) with the axial yielding of the brace at the fourth stories followed
6 by the progressive yielding of the other braces up to point F where the analysis was interrupted (note
7  that the roof displacement of 1200 mm corresponds to a roof drift ratio of roughly 3.5 %). It is
8 important to highlight that the shape of the real capacity curve reflects the expected target one (see
9  Figure 12b), even though the differences between the target and the actual properties of the CSBs do
10 not lead to a perfectly synchronized yielding.
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Figure 14: Pushover curve and plastic hinges activation for: (a) CSBF model. (b) CBF model.

Figure 14b refers to the CBF model, instead. As expected, the pushover curve of the CBF model has
the same initial stiffness of that of the CSBF model. The first plastic hinges activate at the fourth and
third storey (events A and B, respectively) almost simultaneously for a base shear equal to 30 kN,
less than one half of the base shear leading to first yielding for the CSBF model. The second plastic
hinges (point B) activate at the fifth storey almost simultaneously to the first storey, then leading to
the formation of a kind of soft/weak storey mechanism involving only the fourth and fifth storeys
(point C). All the other CBs remain in the elastic field. After reaching point C the analysis was

interrupted (roof displacement of 1200 mm).

4.3.2.2.Discussion on the P-A effects
The non-linear static (pushover) analysis has been then carried by applying the along-the-height
profile of lateral forces together with the concentrated vertical loads to account for the P-A effects.
The comparison of the resulting capacity curves and the graphical representation of the evolution of
the activation of the plastic hinges for the CSBF and CBF models is displayed in Figure 15. For the
sake of comparison, also the capacity curves ignoring the P-A effects are shown in the figures.
The capacity curve of the CSB model considering the P-A effects (Fig. 15a) evidences, as expected,
a reduction of the base shear capacity due to the detrimental contribution of the geometric stiffness
kg, while the displacement capacity remained almost unaltered. In fact, despite the unavoidable effect
of the reduction of the base shear capacity, the shape of the capacity curve is qualitatively similar to
that obtained ignoring the P-A effects. This is due to the activation of a similar global mechanisms of
collapse involving the flexural yielding of all the CSBs before their axial yielding, thus avoiding the
formation of weak/soft stories. The first CSBs yielding (event A) occurs for a base shear of around
60 kN (15% reduction with respect to the capacity ignoring P-D effects). The base shear capacity at
the formation of the axial plastic hinges (event E) is equal to 270 (25% reduction with respect to the
capacity ignoring P-A effects).
The capacity curve of the CBF model considering the P-A effects (Fig. 15b) reaches the peak point
at event A corresponding to the formation of the first axial plastic hinge for the brace located at the
third storey. The base shear capacity results equal to 23 kN (reduction of 23% with respect to the
capacity ignoring P-A effects). Event A represents the collapse point of the structure since for larger
displacement a softening branch due to P-A effects is observed. It is thus clear that for the CBF model
the capacity is overall strongly reduced since the plastic branch observed for the model without P-A

effects cannot be developed.
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Figure 15: Pushover curve and plastic hinges activation for: (a) the CSBF model and (b) the CBF model. (c)
Comparison of pushover curves for the CSBF and the CBF models.

4.3.3. Results from non-linear dynamic time-history analyses

4.3.3.1.Comparing CSBF and CBF models ignoring P-A effects
The non-linear dynamic time-history analyses have been first carried out considering only the effects
of the earthquake induced horizontal actions, thus ignoring the P-Aeffects. For this aim, the distributed
vertical load of 100 kN/m applied to each beam is only considered in terms of horizontal mass source
thus neglecting its effect in terms of axial forces in the columns. The main purpose of this analysis is
to compare the seismic dynamic response of the CSBF and CBF models with the corresponding
capacity curves and assess the residual drifts for the different earthquake intensity levels.
The comparison of the main results obtained from the non-linear time history simulations performed
on the CSBF and CBF models are graphically summarized in Figures 16 and 17.
Figure 16a provides a synthetic overview of the global performances under the four earthquake design
levels (EQ1, EQ2, EQ3 and EQ4) in terms of base shear vs first peak ID ratio. Each small colored
diamond refers to the results of a single time-history analysis (each color corresponds to a different
ground motion ensemble), while the big squares provide the corresponding average response (over
the ten accelerograms of the same ensemble). The graph includes also the capacity curves obtained
from the pushover analysis with the performance points for the CSB frame (PPs) indicated with small
colored dots to facilitate the visual comparison between target performance points and average
seismic response. It can be noted that the results of the dynamic time history analyses follow the
corresponding capacity curve even though some discrepancies are observed. These differences are
induced by the well-known effects due to the load patterns of the lateral forces and the nature of the
actions (static vs dynamic) on the capacity curve [57,58]. Careful inspection of the graph of Figure
16a allows to draw some interesting observations.
For the CSBF model:

e the average displacement demand in terms of ID ratio under EQ1 is equal to the imposed

target drift ratio ID=0.5;

e the average seismic demand under EQ2 (base shear equal to 74 kN and first storey drift ratio
equal to ID=0.66%) is close to the first yielding point of the capacity curve;

e the average seismic demand under EQ3 (base shear equal to 96 kN and first storey drift ratio
equal to 1D=1.4%) in terms of displacements is almost twice the one observed under EQ?2,

thus revealing that the actual ductility demand is less than the expected one (set equal to 3.0);
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e the average seismic demand under EQ4 (base shear equal to 110 kN and first storey drift ratio
equal to ID=1.8%) highlights a hardening response even though still within the pseudo-plastic
range, thus indicating an extra safety margin against very rare earthquakes.

For the CBF model:

e the average seismic displacement demand under EQ1 and EQ2 is similar to that experienced
by the CSBF model, even though the yielding strength of the CB at the first storey was already
achieved for EQL.

e The average seismic displacement demand under EQ3 and EQ4 was significantly higher than
the corresponding one exhibited by the CSB model (+ 60% under EQ3 and + 80% under
EQ4).

Figure 16b displays the average peak ID profiles corresponding to the four different earthquake
design levels. It can be noted the profiles under both EQ1 and EQ2 are almost uniform, even though
variations between the values of consecutive storeys are slightly larger than the ones obtained
analyzing the elastic FE model with the equivalent linear springs (see Figure 10a). Larger variations
are observed when considering EQ3 and EQ4. These variations are mainly related to the discrepancies
between the target and actual stiffness and yielding strength of the CSBs that do not allow to obtain

a perfectly simultaneous along-the-height yielding.
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Figure 16: (a) Average peak seismic response in terms of base shear vs ID ratio. (b) Average peak ID ratio

profiles.

Figures 17a, b, c and d provide the bending moment vs plastic rotation responses of the plastic hinges
located at the knee points of three selected CSB devices for the CSBF model (namely: CSB1, CSB5
and CSB10) under the most severe accelerogram (in terms of excursion in the plastic field)
considering the four EQ levels. Similarly, Figures 18a, b, ¢ and d provide the axial force vs plastic

displacement responses of the three corresponding braces for the CBF model under the most severe
33
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accelerogram (in terms of excursion in the plastic field) considering the four EQ levels. First it should
be noted that, while for the CSBF model all the CSBs remained within the elastic field for earthquakes
of EQ1 ensemble and for all but one earthquakes of EQ2 ensemble, for the CBF model some braces

exceeded yielding for all earthquakes.
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Figure 17: Moment-rotation cyclic response of selected plastic hinges for the most demanding earthquake in
terms of inelastic response (a) EQL1 intensity level; (b) EQ2 intensity level; (c) EQ3 intensity level; (d) EQ4

intensity level.
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Figure 18: Force-elongation cyclic response of selected plastic hinges for the most demanding earthquake in
terms of inelastic response (a) EQL1 intensity level; (b) EQ2 intensity level; (c) EQ3 intensity level; (d) EQ4
intensity level.

The graphs show that, for both earthquake EQ3 and EQ4 design levels, the range of the plastic field
increases going from the CSB located at the top storeys to those located at the bottom storeys. This
finding appears in line with the results obtained from the pushover analysis.

Figure 19 provides the average along-the-height profiles of the residual ID as evaluated at the last
step of the dynamic time-history analyses.
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Figure 19: Average Residual 1D ratio profiles.

The results presented in this section confirm that the proposed design approach for the Uniform CSBF
based on the use of CSBs designed to fulfill multiple seismic performance objectives led to the desired
seismic performances. On the contrary, the simple design criterion adopted for the CBF based on a
single performance objective, that is limiting the peak ID under EQ1, led, as expected, to not

satisfactory seismic performances.

4.3.3.2.Discussion on the P-A effects

The non-linear dynamic time-history analyses have been then carried out considering also the effects
of the axial loads in the columns by applying the concentrated vertical loads.

It should be first noted that, while the CSBF model was able to sustain all the considered earthquakes
of the four EQ levels without experiencing failure, the CBF model was, instead, not able to sustain
none of the considered earthquakes at all EQ levels. The collapse occurred due to failure of the CBs
leading to a global unstable configuration. For this reason, the discussion of this section is limited to
the comparison of the seismic response of the CSBF model with and without consideration of P-
A effects.

Figures 20a, b, and ¢ summarize the global performances of the CSBF, as obtained through non-linear
dynamic time history analyses under the four earthquake design levels (EQ1, EQ2, EQ3 and EQ4) in
terms of base shear vs first storey peak ID ratio (Figure 20a), peak ID ratio profiles (Figure 20b) and
residual ID ratios profiles (Figure 20c). As expected, Figure 20a shows that the P-A effects becomes
significant when considering the two highest earthquake intensity levels (namely EQ3 and EQ4)
leading two a very large increase in the displacement demand, namely + 114% when considering
EQ3 and +88% when considering EQ4. The relatively smaller increase of displacement demand at
EQ4 is due to the beneficial effect of the final hardening stiffness of the CSB. Figures 20b and ¢ show

that the higher increase in the peak ID values is concentrated at the bottom stories.
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As final remark, it is worth noticing that the significant P-A effects observed in the presented case
study depend mostly on the very high flexibility of the structure, which, as previously highlighted, is
more representative of a tall building, rather than of a mid-rise building. Nevertheless, the results of
the numerical simulations showed that, even for such a flexible structure, the presence of the CSB

was able to lead to acceptable seismic performances.

400 , . — 10 I
¢ single TH (EQ1) n —@—no P-A (EQ1)
¢ single TH (EQ2) or —O—no P-A (EQ2)| |
¢ single TH (EQ3) oﬁ ¢ 8 —O—no P-A (EQ3)
= 3007 ¢ single TH (EQ4) 1 —@—noP-A (EQ4)
< I average (EQ1) ¢ o 7 --@- P-A (EQ1)
= O average (EQ2) £ -O- P-A (EQ2)
2550 O average (EQ3) 2 6| --3- P-A (EQ3)
%] B average (EQ4) ¢ > g5l - P-A (EQ4)
o ——CSBF (no P-A) ¢ 2
K —— CSBF (P-A) e 4t -
100 1 ° ;
o 3r u
2t . n
0 ‘ : : 1 S
0 1 2 3 4 3 4
78t storey ID ratio [%] ID ratio [%]
(@) (b)
10 T
W —@—no P-A (EQ1)
9 " —O—no P-A (EQ2)| |
8 em —0—no P-A (EQ3)
' el —@—no P-A (EQ4)
S 7 aE --@- P-A (EQT)
= -0- P-A (EQ2)
3 6 Rl -m- P-A (EQ3)
s -8-P-A (EQ4
@ 5 L. B ( )
o
B 4
3 L
2 .
1
0 1 2 3 4
ID ratio [%]
(©)

Figure 20: Main results from the dynamic time history analysis for the CSBF model considering the P-D
effects: (a) Average peak seismic response in terms of base shear vs ID ratio. (b) Average peak ID ratio
profiles. (c) Average Residual ID ratio profiles.

Conclusions
This paper introduces a novel seismic design procedure for mid-rise not moment-resisting frames
(NMRF) equipped with special yielding braces called Crescent Shaped Braces (CSBs) capable of
satisfying multiple seismic performances within the PBSD framework, to ensure an almost uniform
along-the height seismic behaviour. The use of CSBs as enhanced diagonal braces in a NMR frame

leads to a novel structural system here defined as CSB Frame (CSBF).
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The conceptual design approach behind the proposed design procedure includes four phases, from
the preliminary design to the final verifications as follows: (i) definition of the seismic performance
objectives for the whole structure (phase A); (ii) evaluation of the target mechanical parameters for
each CSB (phase B); (iii) sizing of each CSB (phase C); (iv) final verification of the actual seismic
behavior of the whole structure (phase D).

The proposed step-wise design procedure assists the professional engineer through the different
design phases with the aim of achieving specific target seismic performances leading to the desired
along-the-height seismic behavior. The target seismic performances include: (i) uniform along-the-
height peak inter-storey drift profile under frequent earthquakes; (ii) simultaneous yielding of all
CSBs along the height under occasional earthquakes; (iii) along-the-height uniform ductility capacity
and diffuse plasticization under rare earthquakes; (iv) final hardening stiffness to prevent global
collapse due to P-A effects under very rare earthquakes.

The steps related to the preliminary design are carried out with simplified linear FE models in which
the CSBs are modelled as equivalent linear elastic springs with axial stiffness calibrated (through a
simple iterative numerical procedure) to obtain a target uniform along-the-height peak inter-storey
drift. The target yielding strengths of the CSBs are then evaluated by imposing their simultaneous
yielding under an occasional earthquake intensity. The minimum target ductility capacity of the CSBs
is imposed considering a rare earthquake intensity to obtain a diffuse plasticization of the CSBs. The
minimum hardening capacity is evaluated by preventing the collapse under P-A effects considering a
very rare earthquake intensity. Then, simplified direct design equations are used to size the CSBs in
order to meet the target mechanical performances. Clearly, the real geometrical properties of the sized
CSBs (in terms of global geometry and cross-sections) will lead to an actual seismic behavior which
slightly differs from the ideal target one.

The effectiveness of the proposed design procedure has been demonstrated through an applicative
example, namely a mid-rise 10-storey steel structure. Two structural systems were compared: the
proposed solution (CSBF structure) designed to fulfill the four performance objectives and a
conventional solution based on the use of concentric diagonal braces (CBF structure) designed just
to fulfill the first performance objectives (uniform peak interstorey drifts under frequent earthquakes).
The final verifications were carried out by means of non-linear time history analyses performed either
ignoring or considering the geometrical second order effects.

First, it has been shown that the iterative procedure leading to the calibration of the initial stiffness of
the CSBs converges in few iterations. Then, it is shown that the direct design equations are accurate
enough to size CSBs with actual force-displacement curves close to the target ones. The main findings

from the final verifications carried out through non-linear static and dynamic analyses demonstrated
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that the slight differences between the target and the actual mechanical performances of the CSBs do
not prevent the achievement of the target performance objectives. The final comparisons between the
seismic performances of the CSBF and CBF demonstrated the superior performances of the CSBF

structure, especially when considering the geometrical second order effects.

Appendix
In the work by Palermo et al. [35], analytical relationships (Egs. A1-A3) were proposed to estimate

the key mechanical properties K,y , F, and  in terms of the main geometrical characteristics of the

CSB device, i.e.&,, hand J.

-J-cosé, (Al)

F—_¢ y_7 y (A2)

o= (A3)

1

where y = is a non-dimensional parameter.

. \2
|

h 2 (
1+ =
2L, & \h
With the aim of deriving direct design equations to dimension the CSB device in terms of the target

mechanical parameters (m, F, and ;), the following assumptions have been made:

y
%<& <25%, y=1, cos@, =1. After simple mathematical manipulations of Egs. A1-A3, the

following analytical relationships can be derived:

0.06- p++/0.014- p2 +7.8: p- 1

S
4 f
h=—-—2.p.L..
3 E pLy-& (A5)
4 F,
J=—.—Y.p.L2.£2
3 E Pl & (A6)
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where p = II:+ is a non-dimensional parameter.

y

The level of approximation associated to the direct design equation can be assessed by comparing the

values of the target mechanical parameters (m, F_y and ;) with the approximated corresponding
ones of (K, , F, and u ) calculated according to Egs. A1, A2 and A3 using &y, handJas given

by Eq. A4,A5,A6. In general, the approximated values of K css, Fcss @nd fiegg will differ from

the corresponding target ones (K, css » Fycss @nd fegs ), since the direct design equations have been

derived based on the above-mentioned simplified assumptions.

Table Al reports the relative errors between the target values Ky csp, Fycss and@, and the

corresponding approximate values of K css, F,cee @nd fcss . The relative error is computed as

e=(approximated value — target value) / target value and is expressed in %. In almost all cases, the

relative error is smaller than 10% for all the mechanical parameters.

Table Al: Target vs approximated values.

CSB number Target mechanical Approximated mechanical Relative errors
parameters parameters

[ F, ! Ky F, U jK :F Bu
bNm | INL | o | g 0 (%] [%] [%]

m] m]
CSB1 246 | 4564 | 3.0 2.33 42.33 2.9 -5.2 -7.2 -3.1
CSB2 2.31 4258 | 3.0 2.16 40.16 2.8 -6.6 -5.7 -5.5
CsSB3 2.12 3844 | 3.0 2.16 40.16 2.8 1.7 4.5 -5.5
CsB4 1.97 3580 | 3.0 1.81 33.70 2.8 -8.1 -5.9 -5.5
CSB5 193 | 3483 | 3.0 1.81 33.70 2.8 -6.2 -3.1 -5.5
CSB6 188 | 3395 | 3.0 1.81 33.70 2.8 -3.7 -0.7 -5.5
CSsB7 1.65 29.45 3.0 1.46 27.19 2.8 -11.5 -1.7 -55
CsBs8 1.55 2762 | 3.0 1.46 27.19 2.8 -5.8 -15 -5.5
CSB9 1.43 2543 | 3.0 1.46 27.19 2.8 2.1 6.9 -5.5
CSB10 1.08 19.12 | 3.0 1.10 20.52 2.8 2.1 7.3 -5.5
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